Upon being stimulated with antigen through their T cell antigen receptor, naive CD4 + T cells differentiate into distinct effector lineages, including the T H 1, T H 2 and T H 17 subsets of helper T cells; this process is influenced by the strength of signaling via the T cell antigen receptor as well by as the cytokine environment 1 . The differentiation of each helper T cell lineage is determined by the induction of specific key transcription factors: T-bet is important for the differentiation of T H 1 cells 2 ; GATA-3 is indispensable for the generation of T H 2 cells 3 ; and RORγt has a critical role in determining the fate of T H 17 cells 4 . Not only do these transcription factors promote differentiation toward one lineage, but they also repress the acquisition of other fates. For example, T-bet suppresses the expression and function of GATA-3 (ref. 5 ) and thus prevents the activation of an endogenous T H 2-differentiation pathway during T H 1 differentiation 6, 7 . T-bet also suppresses RORγt expression by interacting with and modulating the function of Runx1, which is a transcription factor important for the induction of RORγt expression during T H 17 differentiation 8, 9 .
Regulatory T cells (T reg cells), which comprise thymus-derived T reg cells and peripherally derived T reg cells, are crucial for the maintenance of immunotolerance and homeostasis [10] [11] [12] [13] . The transcription factor Foxp3 has a central role in the generation and function of T reg cells. The cytokine TGF-β is required for the induction of RORγt and Foxp3 and is thus involved in the differentiation of both T H 17 cells and T reg cells 14, 15 . Consequently, RORγt and Foxp3 are coexpressed at early stages in the differentiation of T H 17 cells and T reg cells and may antagonize each other 16 . Indeed, in some cases, loss of T reg cell suppressive function during inflammation is associated with upregulation of RORγt and production of interleukin 17 (IL-17) in T reg cells 17 .
T-bet is expressed in a subset of T reg cells 18 . Although T-bet expression in these T reg cells has been shown to be important for the maintenance of T reg cell homeostasis during type 1 immune responses, the physiological importance of T-bet expression in T reg cells in the steady state is unknown. Furthermore, no report has characterized mice with T reg cell-specific deletion of the gene encoding T-bet (Tbx21). It is known that some T reg cells express GATA-3 in the steady state [19] [20] [21] , and GATA-3 can be induced when T reg cells become activated. It has been reported that T reg cell-specific deletion of GATA-3 in mice results in spontaneous autoimmunity starting from 16 weeks of age 21 ; however, other reports have indicated that GATA-3 is critical for T reg cell function only during inflammation, and mice with T reg cell-specific deletion of GATA-3 do not develop any disease until 6 months of age 19, 20 .
Although T-bet-or GATA-3-expressing T reg cells have been well documented, it is not clear whether the T reg cells that express T-bet (T H 1-like cells) or GATA-3 (T H 2-like cells) represent stable T reg cell subsets. Furthermore, whether and how T-bet and GATA-3 regulate the function of T reg cells, especially in the steady state, is not known. Here we report that T-bet-or GATA-3-expressing T reg cells were detectable in the steady state; however, the expression of T-bet and GATA-3 in T reg cells was highly dynamic. Thus, T-bet-expressing T reg cells do not represent a stable T reg cell subset. Single deletion of either Tbx21 or Gata3 specifically in T reg cells through the use of Cre recombinase expressed via Foxp3 did not alter T reg cell function in the steady state. However, combined deletion of both Tbx21 and Gata3 in T reg cells allowed the development of aggressive autoimmune-like diseases in mice at very young age.
RESULTS

Generation of T-bet-GATA-3-Foxp3 tricolor reporter mice
To facilitate investigation of the relationship between T-bet-expressing T reg cells and GATA-3-expressing T reg cells, we first constructed a tricolor reporter mouse strain in which the expression of T-bet, GATA-3 and Foxp3 is reported by a different fluorescent protein for each. Mice with sequence encoding monomeric red fluorescent protein (mRFP) knocked into the Foxp3 locus 22 and mice with sequence encoding green fluorescent protein (GFP) knocked into the Gata3 locus 23 , 1 9 8 VOLUME 16 NUMBER 2 FEBRUARY 2015 nature immunology A r t i c l e s in which mRFP or GFP faithfully marks the expression of Foxp3 or GATA-3, respectively, have been reported. We needed a third fluorescent marker for reporting T-bet expression, but a previously generated reporter mouse strain with sequence encoding the green fluorescent protein ZsGreen expressed from the Tbx21 locus (T-bet-ZsGreen) 6 was not useful for this purpose, since we also used green fluorescence to report GATA-3 expression.
Using a strategy similar to one noted above 6 , we prepared a T-bet reporter mouse strain with transgenic expression (via a bacterial artificial chromosome) of sequence encoding the cyan fluorescent protein AmCyan from the Tbx21 locus, in which AmCyan indicates T-bet expression. AmCyan-expressing cells directly sorted from the spleens of intact reporter mice stained positive for T-bet protein, but their AmCyan − counterparts did not (Supplementary Fig. 1a) . To further evaluate the faithfulness of this T-bet-AmCyan reporter, we isolated naive CD4 + T cells (CD4 + CD25 − CD45RB hi AmCyan − ) by sorting them from the reporter mice and cultured the cells for 4 d under T H 1-or T H 2-polarizing conditions. Almost all cells from the T H 1-polarized culture (>90%) expressed AmCyan, whereas, under T H 2 conditions, most if not all (>97%) the cells remained AmCyan − ( Supplementary  Fig. 1b) . These results indicated that the T-bet-AmCyan reporter faithfully reflected the expression of endogenous T-bet, just as the published T-bet-ZsGreen reporter does 6 . We then bred the T-betAmCyan reporter line with GATA-3-GFP and Foxp3-RFP reporter mice to generate a T-bet-AmCyan:GATA-3-GFP:Foxp3-mRFP tricolor reporter mouse strain.
Induction of the expression of T-bet and GATA-3 in T reg cells We first reexamined the expression pattern of T-bet and GATA-3 in T reg cells in the spleen, peripheral lymph nodes (PLNs) and mesenteric lymph nodes (MLNs) of the tricolor reporter mice in the steady state.
About 20-30% of T reg cells expressed GATA-3 in the steady state (Fig. 1a,b) . In agreement with published reports 6, 18 , only a small proportion of T reg cells isolated ex vivo expressed T-bet (Fig. 1a,b) . The spleen showed enrichment for T-bet-expressing T reg cells; ~10% of total T reg cells in the spleen expressed T-bet, but only 3-5% of T reg cells in lymph nodes did so (Fig. 1a,b) . Thus, we confirmed the existence of T reg cells that expressed T-bet and/or GATA-3 in the steady state in the tricolor reporter mouse model. Some T reg cells expressed both T-bet and GATA-3; the frequency of GATA-3 + cells among the T-bet + population was identical to the frequency of GATA-3 + cells among the T-bet − population (Fig. 1a) . The vast majority (>85%) of the T-bet-AmCyan + T reg cells expressed the chemokine receptor CXCR3 whether they were GATA-3-GFP + or not (Supplementary Fig. 2a) , consistent with the idea that Cxcr3 is a target of T-bet. We then sorted T reg cell subsets on the basis of their expression of T-bet and GATA-3 (Supplementary Fig. 2b ). Sorted T-bet-AmCyan + GATA-3-GFP − T reg cells expressed T-bet, but T-bet-AmCyan − GATA-3-GFP − and T-betAmCyan − GATA-3-GFP + T reg cells did not (Supplementary Fig. 2c ). These results indicated that T-bet-AmCyan faithfully reported T-bet expression in T reg cells.
Since more than 60% of the T reg cells did not express either T-bet or GATA-3, we next investigated whether expression of T-bet and GATA-3 could be induced in such cells. We used cell sorting to purify T reg cells that expressed neither T-bet nor GATA-3 (Supplementary Fig. 2b ) and cultured these sorted cells with plate-bound antibody to the invariant signaling protein CD3 (anti-CD3) and antibody to the coreceptor CD28 (anti-CD28) in the presence of IL-2 with the addition of either IL-4 or interferon-γ (IFN-γ). Foxp3 expression was stably maintained in these cultures (Fig. 1c) . About 16% of T reg cells upregulated GATA-3-GFP when stimulated with IL-4, and more than 50% of T reg cells became T-bet-AmCyan + when cultured with IFN-γ (Fig. 1c) . 
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To determine whether expression of T-bet and GATA-3 could be induced in vivo in T reg cells that did not express these transcription factors, we transferred T reg cells that did not express T-bet or GATA-3 into lymphopenic mice deficient in recombination-activating gene 1 (Rag1 −/− mice) either alone or together with CD45.1 + congenic naive (CD4 + CD25 − CD45RB hi ) T cells. Consistent with a report showing that T reg cells are unstable when transferred alone into lymphopenic environments 24 , more than 50% of the transferred cells became Foxp3 − T cells (data not shown). Expression of T-bet or GATA-3 was induced in a portion of remaining Foxp3 + cells, and some cells expressed both T-bet and GATA-3 (Fig. 1d) . When transferred together with naive T cells, Foxp3 + cells retained their Foxp3 expression, and expression of T-bet and GATA-3 was induced in these T reg cells whether isolated from spleen, MLNs or small intestine lamina propria (siLP) (Fig. 1e) . T-bet was induced more efficiently in the siLP than in the MLNs (Fig. 1e) . The proportion of T-bet-and GATA-3-expressing T reg cells observed after transfer was similar to that in the steady state (Fig. 1a) . These results indicated that expression of T-bet and GATA-3 was induced both in vitro and in vivo in T reg cells that did not express these transcription factors.
It has been reported that IFN-γ and the transcription factor STAT1 are involved in the induction of T-bet in T reg cells, but IL-12 and the transcription factor STAT4 are not 18, 25, 26 . To determine the signaling pathways required for T-bet expression in T reg cells in our reporter system, we examined T reg cells isolated from the spleen and lymph nodes of T-bet-ZsGreen reporter mice that were otherwise wild-type or were also deficient in STAT1, STAT4 or the receptor for IFN-γ. In agreement with published studies 18, 25, 26 , our results showed that deficiency in STAT1 substantially diminished T-bet expression in T reg cells, but deficiency in STAT4 did not ( Fig. 1f and Supplementary  Fig. 3 ). There was a modest reduction in T-bet-expressing T reg cells in T-bet-ZsGreen reporter mice deficient in the receptor for IFN-γ ( Fig. 1f and Supplementary Fig. 3) . Thus, these results indicated that T-bet expression in T reg cells in the steady state depended on STAT1-activating cytokines, including IFN-γ.
Dynamic expression of T-bet and GATA-3 in T reg cells To assess whether the T-bet-or GATA-3-expressing T reg cells represented stable subsets, we purified T-bet − GATA-3 + and T-bet + GATA-3 − T reg cells by cell sorting (Supplementary Fig. 2b ). We cultured T-bet − GATA-3 + T reg cells with plate-bound anti-CD3, anti-CD28 and IL-2, in the presence or absence of TGF-β, with the addition of either IL-4 or IFN-γ. Foxp3 expression was stably maintained under all conditions (data not shown). In the absence of IL-4, IFN-γ and TGF-β, some T reg cells lost GATA-3 expression, while others gained T-bet expression (Fig. 2a) . TGF-β further reduced GATA-3 expression but prevented upregulation of T-bet expression (Fig. 2a) . GATA-3 expression was largely maintained when IL-4 was present, but T-bet expression was not induced (Fig. 2a) . However, even in the presence of TGF-β, IFN-γ induced T-bet expression in ~50% of T reg cells that had been T-bet − GATA-3 + , while GATA-3 expression was diminished considerably (Fig. 2a) . Similarly, when we cultured T-bet + GATA-3 − T reg cells with plate-bound anti-CD3 and anti-CD28 plus IL-2 and TGF-β, T-bet expression in the majority of the cells was lost, although Foxp3 expression was retained ( Fig. 2b and data not shown). IFN-γ was able to maintain T-bet expression, whereas IL-4 induced GATA-3 expression, in T reg cells that originated from T-bet + GATA-3 − T reg cells (Fig. 2b) .
To determine whether T reg cells expressing T-bet and/or GATA-3 were stable in vivo, we sorted T-bet − GATA-3 + T reg cells and transferred these into Rag1 −/− mice. As expected, more than 50% of them became Foxp3 − T cells (data not shown). Nevertheless, ~50% of the cells that maintained Foxp3 expression became T-bet + GATA-3 + , T-bet + GATA-3 − or T-bet − GATA-3 − T reg cells (Fig. 2c) . To further assess the stability of the T reg cells expressing T-bet and/or GATA-3 in an environment in which Foxp3 expression could be maintained, we transferred T-bet − GATA-3 + or T-bet + GATA-3 − T reg cells into Rag1 −/− mice, together with congenic CD45.1 + naive CD4 + T cells. Most of the transferred T reg cells retained Foxp3 expression, as expected (data not shown); however, the pattern of expression of T-bet and GATA-3 in the T reg cells became very similar in the recipient mice that received either T-bet − GATA-3 + T reg cells or T-bet + GATA-3 − T reg cells (Fig. 2d) . We also transferred sorted T-bet − GATA-3 + cells into wild-type congenic mice. The results obtained supported the idea that the expression of T-bet and GATA-3 in T reg cells was dynamic (data not shown). Overall, our results indicated that the expression of T-bet and/or GATA-3 in T reg cells was dynamic both in vitro and in vivo and A r t i c l e s that T reg cells expressing T-bet and/or GATA-3 in the steady state did not represent stable T reg cell subsets.
Fate mapping of T-bet-expressing T reg cells
To confirm the dynamic features of T-bet expression in T reg cells in intact mice, we prepared a T-bet fate-mapping mouse strain. We crossed T-bet-ZsGreen-T2A-CreER T2 mice (T-bet-ZsGreen mice with a 'self-cleaving' T2A peptide and a fusion of Cre recombinase with a tamoxifen-sensitive variant of the estrogen receptor (CreER T2 )) with Rosa26-loxP-STOP-loxP-tdTomato mice (which have a loxP site-flanked 'stop' cassette and sequence encoding the red fluorescent protein variant tdTomato under control of the ubiquitously expressed Rosa26 locus) and treated the offspring ('T-bet fate-mapping mice') with tamoxifen. In such mice, ZsGreen reported T-bet expression, while tdTomato reflected a cohort of cells that expressed T-bet at the time of tamoxifen treatment (Fig. 3a) . Before the injection of tamoxifen, all the T cells, including CD8 + T cells, were tdTomato − , as expected ( Fig. 3a and data not shown) . One week after a single injection of tamoxifen into the T-bet fate-mapping mice, the majority of the CD8 + memory-like (CD8 + CD44 hi ) cells, which constantly expressed T-bet, were tdTomato + (Fig. 3a) . Only a small fraction of the ZsGreen-expressing CD8 + CD44 hi cells were not marked by tdTomato (Fig. 3a) , which indicated high efficiency of Cre-mediated activation of the reporter. Almost all these tdTomato + CD8 T cells also expressed ZsGreen (Fig. 3a) , which suggested that T-bet expression in the CD8 + T cells was stable. However, within the CD4 + CD25 + T reg cell compartment, the ZsGreen − tdTomato + population, which represented T-bet − T reg cells that had previously expressed T-bet, were present in a substantial abundance (Fig. 3b) . In fact, these cells outnumbered the ZsGreen + tdTomato + population, which represented T-bet-expressing T reg cells, in the PLNs and MLNs (Fig. 3b) . The finding that more than 60% of T-bet-expressing T reg cells in lymph nodes at the time of tamoxifen treatment became T reg cells that no longer expressed T-bet within 1 week confirmed the proposal that T-bet expression in T reg cells is highly dynamic. In contrast, the vast majority of the natural killer cells, CD8 + memory-like (CD8 + CD44 hi ) cells and CD4 + CD25 − cells that were tdTomato + continued to express ZsGreen (Fig. 3c) , which suggested that T-bet expression in natural killer cells, CD8 + T cells and conventional CD4 + T cells was relatively stable. Although most of the ZsGreen + tdTomato + T reg cells expressed CXCR3, as expected, a substantial proportion of ZsGreen − tdTomato + T reg cells were also CXCR3 + (Fig. 3d) , which suggested that the cells that expressed T-bet had upregulated CXCR3 expression.
To determine whether ZsGreen + T reg cells were able to give rise to ZsGreen − tdTomato + T reg cells, we sorted CD4 + CD25 + ZsGreen + cells from the T-bet fate-mapping mice and adoptively transferred them together with effector T cells into Rag1 −/− recipient mice treated with tamoxifen. Two weeks after transfer, about half of the tdTomato + T reg cells had lost ZsGreen expression (Fig. 3e) . By using the T-bet fatemapping reporter, we demonstrated that T-bet − T reg cells could have originated from T-bet + T reg cells. Thus, these data confirmed that T-bet expression in T reg cells was highly dynamic in the steady state.
Normal T reg cell function in T-bet or Gata-3 single deficiency To study the function of T-bet and GATA-3 in T reg cells, we generated mice with T reg cell-specific deletion of either Tbx21 or Gata3 by crossing mice with loxP-flanked Tbx21 alleles (Tbx21 fl/fl mice) 27 or Gata3 alleles (Gata3 fl/fl mice) 28 (Fig. 4a) . Furthermore, the vast majority (>75%) of the CD4 + T cells and CD8 + T cells in all the mice displayed naive phenotype (data not shown).
In extension of a published report showing that Gata3 fl/fl Foxp3-Cre mice are healthy at a young age 20 , we found that our Gata3 fl/fl Foxp3-Cre mice kept for more than 6 months did not develop any obvious abnormality before they were killed (data not shown). Similarly, we noted no apparent abnormalities in adult Tbx21 fl/fl -Foxp3-Cre mice up to 6 months (data not shown). Therefore, the absence of either T-bet or GATA-3 individually had no substantial effect on the function of T reg cells in the steady state.
To assess whether the absence of either T-bet or GATA-3 had functional consequences on the ability of T reg cells to control tissue inflammation, we used the well-described model of inflammatory bowel disease induced by the transfer of naive CD4 + T cells into Rag1 −/− recipient mice 30 . We transferred CD45.1 + congenic naive CD4 + T cells into Rag1 −/− mice alone or together with T reg cells from Foxp3-Cre mice, Tbx21 fl/fl Foxp3-Cre mice or Gata3 fl/fl Foxp3-Cre mice. As expected, the transfer of naive CD4 + T cells alone led to severe inflammation associated with progressive weight loss and colon thickening (Fig. 4b) . The transfer of T reg cells from Foxp3-Cre mice together with naive CD4 + T cells prevented disease (Fig. 4b) . Similarly, T reg cells from either Tbx21 fl/fl Foxp3-Cre mice or Gata3 fl/fl Foxp3-Cre mice were as effective as T reg cells from Foxp3-Cre mice in preventing weight loss (Fig. 4b) . The total number of congenic CD45.1 + CD4 + T cells present in the siLP was much lower in all mice into which T reg cells were also transferred (Fig. 4c) . These results indicated that T reg cells deficient in either T-bet or GATA-3 had substantial suppressive functions in this model of inflammatory bowel disease.
To assess cross-regulation between T-bet and GATA-3 in T reg cells, we cultured T reg cells from (Fig. 4d) . We noted modest staining of GATA-3 in the group of IL-4-stimulated GATA-3-deficient cells, presumably because the antibody to GATA-3 also recognizes truncated GATA-3 lacking the functional zinc fingers encoded by exon 4. These results suggested that cross-regulation between T-bet and GATA-3 might occur in T reg cells in certain cytokine environments.
Double deficiency in T-bet and GATA-3 results in autoimmunity
Since the expression of both T-bet and GATA-3 in T reg cells was dynamic and since T-bet and GATA-3 might regulate each other under certain conditions, we sought to determine whether T-bet and GATA-3 have a redundant role in modulating T reg cell functions. To investigate this, we generated Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice with T reg cell-specific deletion of both T-bet and GATA-3. 
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The Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice were born at the expected Mendelian ratio and appeared to be as healthy as their littermates (either Tbx21 fl/fl Gata3 fl/+ Foxp3-Cre mice or Tbx21 fl/fl Gata3 +/+ Foxp3-Cre mice) during the first month of life. However, by 6-8 weeks of age, the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice started to display splenomegaly and lymphadenopathy (Fig. 5a) , which was reflected by an increased total cell number (Fig. 5b) . Every Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mouse (analyzed at 8-13 weeks of age) displayed splenomegaly and lymphadenopathy (Fig. 5a and data not shown) . Double ablation of T-bet and GATA-3 in T reg cells led to a marked increase in activated CD4 + Foxp3 − CD62L lo CD44 hi effector T cells (Fig. 5c) . Histopathological evaluation of the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice showed spleen and lymph node hyperplasia and massive infiltration of cells into the liver, lungs, kidneys, small intestine and colon, whereas their littermates did not show any noticeable pathology (Fig. 5d and data not shown) .
Consistent with the activated phenotype of Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre CD4 + T cells, we observed an increased capacity of these cells to produce each of the effector cytokines, including IFN-γ, IL-4 and IL-17 (Fig. 5e) . To assess the consequences of upregulation of effector helper T cell cytokines, we measured serum immunoglobulin isotypes in 8-week-old Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice and their littermates and in mice with single knockout of T-bet or GATA-3. Consistent with uncontrolled production of IL-4 and IFN-γ in these mice, serum concentrations of immunoglobulin E (IgE) were massively elevated in the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice, and serum concentrations of IgG1 and IgG2a were also significantly increased (Fig. 5f) . Thus, antibodies related to both T helper type 1 responses and T helper type 2 responses were dysregulated in T reg cells deficient in both T-bet and GATA-3.
Instability of T reg cells lacking both T-bet and GATA-3
We next explored whether double deficiency in T-bet and GATA-3 in T reg cells impaired their generation, maintenance and/or suppressive functions. Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice exhibited no significant alteration in the development of Foxp3 + CD4 + T reg cells in the thymus compared with that of Foxp3-Cre mice (P = 0.17; Supplementary  Fig. 4a,b) . Although the frequency of splenic Foxp3 + T reg cells in Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice was slightly lower than that in Foxp3-Cre mice, the frequency of Foxp3 + T reg cells was somewhat higher in the lymph nodes of the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice than in those of Foxp3-Cre mice (Supplementary Fig. 4c ). Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells proliferated at a rate similar to that of Foxp3-Cre T reg cells, as judged by staining with the proliferation marker Ki67, and Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells had normal expression of the antiapoptotic protein Bcl-2 (Supplementary Fig. 5) . Therefore, Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells did not have proliferative or survival defects, and the substantially altered phenotype of the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice was not due to a lower number of T reg cells.
We next investigated whether double deficiency in T-bet and GATA-3 in T reg cells resulted in changes in the expression of T reg cell signature molecules. Expression of the cytokine receptor CD25 (IL-2Rα) and immunomodulatory receptor CD152 (CTLA-4) was normal, while expression of the immunomodulatory receptor GITR and integrin α E β 7 (CD103) was lower in Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells than in Foxp3-Cre T reg cells (Supplementary Fig. 6 ). There was much lower expression of neuropilin-1 (Nrp-1) in Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells than in Foxp3-Cre T reg cells (Supplementary Fig. 6 ). Although Nrp-1 has been reported to potentiate T reg cell function, it is dispensable for the maintenance of immunological homeostasis 31 .
Thus, the defective expression of Nrp-1 in Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells could not explain the autoimmune phenotype of these mice. The intensity of Foxp3 expression was much lower in T reg cells from Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice than in T reg cells from Foxp3-Cre mice (Fig. 5g) . Consistent with a published report 19 , Foxp3 expression was only slightly lower in Gata3 fl/fl Foxp3-Cre mice than in Foxp3-Cre or Tbx21 fl/fl Foxp3-Cre mice (Fig. 5g) . Since lower Foxp3 expression often translates into T reg cell instability, we transferred total splenocytes from 8-week-old Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice into Rag1 −/− mice and assessed the recipients. The recipients developed inflammatory bowel disease, as manifested by weight loss (Fig. 5h) . As expected, the frequency of CD4 + Foxp3 + T reg cells was much lower in mice that received Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre cells than in those that received Foxp3-Cre cells (Fig. 5i) , which confirmed the instability of T reg cells that lacked expression of both T-bet and GATA-3; moreover, a higher proportion of Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells than Foxp3-Cre T reg cells expressed RORγt (Fig. 5i) . These results suggested that T reg cell-specific deficiency in both T-bet and GATA-3 affected the function and stability of T reg cells.
Double-deficient T reg cells do not suppress IBD
To assess the suppressive function of T reg cells in vivo, we transferred CD45.1 + congenic naive T cells into Rag1 −/− mice alone or together with T reg cells from 8-week-old Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre or control Foxp3-Cre mice. As expected, the transfer of naive T cells alone led to severe inflammation associated with weight loss and colon pathology, including massive infiltration of inflammatory cells that was prevented when control Foxp3-Cre T reg cells were also transferred (Fig. 6a,b) . However, T reg cells from Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre mice failed to suppress the disease (Fig. 6a,b) . Similarly, the number of congenic CD45.1 + CD4 + T cells in the siLP was significantly reduced by the transfer of control Foxp3-Cre T reg cells but not by the transfer of Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells (Fig. 6c) . Many Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells had lost Foxp3 protein expression, whereas control T reg cells were largely stable, as expected (Fig. 6d) . Among the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre cells that still expressed Foxp3, a significantly higher proportion of these cells than Foxp3-Cre T reg cells also expressed RORγt protein (Fig. 6e) . Accordingly, Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells significantly upregulated their expression of the T H 17 effector cytokine IL-17A (Fig. 6f) . Thus, T reg cells deficient in both T-bet and GATA-3 were defective in homeostasis and suppressive functions, associated with their abnormal T H 17 phenotype.
Cell-intrinsic suppression of RORγt by T-bet and GATA-3
To further assess whether the role of T-bet and GATA-3 in T reg cells was cell intrinsic, we prepared chimeras by reconstituting irradiated Rag1 −/− mice with bone marrow from (Fig. 7a) . In addition, RORγt expression was much higher in Foxp3 + T reg cells derived from Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre donors than in T reg cells from other donors, and the mean fluorescence npg intensity of Foxp3 was significantly lower in T reg cells derived from the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre donor cells (Fig. 7b) . In fact, RORγt expression was present mainly in the Foxp3 lo population among the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells, and such cells had high expression of the activation and memory marker CD44, indicative of an activated T reg cell population (Fig. 7c) . The CD44 hi T reg cell population was much smaller among Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells than among T reg cells derived from other donors (Fig. 7c) , which indicated that without T-bet and GATA-3, activated T reg cells were either inefficiently generated or poorly maintained. In addition, the vast majority of the CD44 hi T reg cells in the Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre group expressed RORγt (Fig. 7c) . Consequently, a substantial proportion of the Foxp3 + T reg cells from Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre donors were able to produce IL-17A (Fig. 7d) . Thus, these results indicated that the defects of Tbx21 fl/fl Gata3 fl/fl Foxp3-Cre T reg cells were cell intrinsic. 18 . More notably, it has been reported that T-bet-deficient T reg cells fail to thrive in a T H 1 inflammatory environment and that these cells fail to suppress T H 1 responses in a transfer model. However, the importance of T-bet expression by T reg cells has not been directly assessed in mice with T reg cell-specific ablation of T-bet. Furthermore, whether T-bet expression by T reg cells is required for their ability to suppress T H 1 cell-mediated autoimmunity in the steady state is unknown. Here we have reported that mice with T reg cell-specific deletion of T-bet did not develop any obvious autoimmunity, which would indicate that T-bet is dispensable for T reg cell-mediated suppression of autoreactive T H 1 cells in the steady state.
Similarly, GATA-3 is expressed by a subset of T reg cells. However, GATA-3 expression in T reg cells does not seem to be required for the control of T H 2 cell-mediated autoimmunity in the steady state. Although it has been reported that T reg cell-specific ablation of GATA-3 in mice results in T H 2 cell-related diseases starting at 16 weeks of age 21 , two other mouse lines with T reg cell-specific deletion of Gata3 failed to develop obvious abnormalities until the mice were more than half a year old 19, 20 .
Our experiments have been performed mainly in the steady state or under conditions of mild inflammation. Since T reg cells function differently in the steady state versus under inflammatory conditions 36 or during T H 1 cell-biased infections 37 , the phenotype and function of antigen-specific T H 1-like T reg cells and the role of T-bet in T reg cells during T H 1 cell-promoting infections require further investigation. Similarly, future studies should investigate the function of GATA-3 in T reg cells during robust T H 2 responses in vivo.
Although ablation of T-bet or GATA-3 alone in T reg cells had no substantial effect on T reg cell functionality in the steady state, mice in which genes encoding both factors were deleted in T reg cells developed a severe autoimmune-like phenotype beginning at 6-8 weeks of age. These results suggest T-bet and GATA-3 are redundant in maintaining T reg cell function. The diminished functionality of these T reg cells was associated with upregulation of RORγt expression and downregulation of Foxp3 expression in a cell-intrinsic manner. Foxp3 and RORγt are normally expressed together in T cells treated with large amounts of TGF-β and in a subset of cells in the siLP 16 . Foxp3 antagonizes RORγt function partly by protein-protein interactions. However, it is also possible that RORγt antagonizes Foxp3 function in T reg cells. Therefore, RORγt expression in T reg cells may require careful control. One way in which T reg cells might fully suppress RORγt expression would be to express T-bet and/or GATA-3, both of which are able to suppress RORγt expression in effector T cells.
The redundancy of T-bet and GATA-3 in T reg cells can be explained by their dynamic expression pattern. Our study has indicated that T-bet-expressing cells were able to convert into GATA-3-expressing cells, and vice versa, under the influence of cytokines, both in vitro and in vivo. Such plasticity or flexibility of T reg cells achieved by changing their pattern of transcription factor expression within the Foxp3 + compartment is different from the previously reported plasticity of T reg cells, with loss of Foxp3 expression and gain of effector functions under inflammatory conditions [37] [38] [39] .
T reg cells need to be activated to acquire full suppressive activity 40, 41 . T-bet expression is associated with activated T reg cells, since T-betexpressing T reg cells have higher expression of T reg cell markers, including CD103, GITR and CTLA4, than that of T reg cells that do not express T-bet 18 . We also found that T-bet was expressed mainly by CD44 hi T reg cells. Moreover, T reg cell populations doubly deficient in both T-bet and GATA-3 had a smaller CD44 hi T reg cell population. Because of the dynamic expression pattern, some cells that did not express T-bet or GATA-3 might have expressed these molecules at an earlier time and thus might be activated T reg cells. We propose that when T reg cells are activated in a local environment, they upregulate T-bet or GATA-3 to prevent RORγt expression and to maintain Foxp3 expression.
Overall, we have demonstrated that unlike T H 1 or T H 2 effector cells, 'T H 1-like' and 'T H 2-like' T reg cells in the steady state were not stable subsets and that T-bet expression in T reg cells was not required for these cells to suppress T H 1 effector cells. Furthermore, our data have demonstrated a redundant role for T-bet and GATA-3 in controlling RORγt expression in activated T reg cells. This indicates that T reg cells can use multiple cross-regulatory mechanisms present in effector T cells to overcome the close relationship between T reg cells and T H 17 cells and thus to maintain T cell homeostasis.
METhODS
Methods and any associated references are available in the online version of the paper. 
